The combination of depression and anorexia may influence morbidity and progressive physical disability in the elderly. Gender differences exist in hypothalamic-pituitary-adrenal axis activation following stress exposure. The objective of this study was to investigate gender differences in feeding behavior under novelty stress in aged mice. Food intake measurement, immunohistochemical assessment, and mRNA expression analysis were conducted to investigate the role of serotonin 2C receptor (5-HT 2C R) and its relationship with ghrelin in stress-induced suppression of feeding behavior in aged mice. After exposure to novelty stress, a 21-fold increase in plasma corticosterone and remarkable suppression of food intake were observed in aged male mice. Furthermore, a 5-HT 2C R agonist suppressed food intake in aged male mice. Novelty stress induced a 7-fold increase in 5-HT 2C R and c-Fos co-expressing cells in the paraventricular nucleus of the hypothalamus in aged male mice but caused no change in aged female mice. Plasma acylated ghrelin levels decreased in stressed aged male mice and administration of the 5-HT 2C R antagonist inhibited this decrease. The 5-HT 2C R antagonist also reversed the suppression of food intake in estrogen receptor ␣ agonist-treated aged male mice. Therefore, conspicuously suppressed feeding behavior in novelty stress-exposed aged male mice may be mediated by 5-HT 2C R hypersensitivity, leading to hypoghrelinemia. The hypersensitivity may partly be due to estrogen receptor activation in aged male mice.
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Introduction
The number of elderly people with anxiety and depression is increasing and the effective treatment of these disorders remains a clinical challenge (Diefenbach and Goethe, 2006) . Adverse life events are associated with the onset and persistence of depression (Paykel, 1994) , and depression is characterized by feeding abnormality (e.g., anorexia, bulimia). In particular, the combination of depression and anorexia may influence morbidity and progressive physical disability in the elderly (Rowe and Kahn, 1987; Seeman and Robbins, 1994) .
Gender differences exist in hypothalamic-pituitary-adrenal (HPA) axis activation following stress exposure (Handa et al., 2012; Handa and Weiser, 2014; Steenbergen et al., 1990 ). The incidence of major depression (Kornstein, 1997) and anorexia nervosa (Ehlert et al., 2001 ) is higher in women. In young rodents, HPA axis activation due to stress is reportedly greater in females (Iwasaki-Sekino et al., 2009) and is controlled by sex hormones (Handa et al., 2012; Handa and Weiser, 2014) . On the other hand, the anorexia of aging is more pronounced in males than in females (Morley, 1993 (Morley, , 2010 . Furthermore, late-life depression in males is a risk factor for mortality (Diniz et al., 2014; Dombrovski et al., 2008) . Therefore, gender differences may have a considerable impact on emotional and/or feeding behavior in the elderly in a manner different than that in young people. However, this possibility has not yet been tested.
Corticotropin-releasing factor (CRF) and serotonin (5-HT) play important roles in stress responses and the regulation of feeding behavior. CRF neuron activation during stress suppresses feeding behavior (Hotta et al., 1999; Zorrilla et al., 2003) . CRF production and neuron activation may also be mediated by 5-HT. Acute 5-HT depletion has been reported to reduce anxiety (Bechtholt et al., 2007) . The 5-HT 2C receptor (5-HT 2C R), localized on CRF neurons of the hypothalamus, stimulates anxiety (de Mello Cruz et al., 2005; Gatch, 2003; Heisler et al., 2007) and negatively regulates food intake (Dryden et al., 1996; Hayashi et al., 2005; Heisler et al., 2002; Nonogaki, 2008) . Increased 5-HT 2C R mRNA expression in the paraventricular nucleus (PVN) of the hypothalamus has been observed in stress-exposed aged mice (Nahata et al., 2013) .
Estradiol-induced effects on stress may be controlled by estrogen receptor (ER) ␣ and ␤. ER␣ decreases food intake via the HPA axis and cholecystokinin signal amplification (Asarian and Geary, 2013) , whereas ER␤ negatively controls the HPA axis (Handa et al., 2012) . However, whether ERs influence gender differences in stress-loaded animals remains unclear.
The aim of the current study was to investigate whether there were gender differences in novelty stress-induced suppression of feeding behavior in aged mice. To clarify the mechanism underlying these differences, we identified the effects of 5-HT 2C R agonists and antagonists on feeding behavior, emphasizing on the role of 5-HT 2C R. We also conducted an immunohistochemical assessment of 5-HT 2C R activation in stress-related brain areas. Next, we determined whether decreased plasma ghrelin levels mediated the marked suppression of feeding behavior in aged male mice. Finally, we evaluated the susceptibility of ERs in aged male mice as a factor underlying gender differences in novelty stress-induced suppression of feeding behavior.
Materials and methods

Animals
Male and female C57BL/6 mice aged 6 weeks and 79 weeks or older were purchased from Charles River Laboratories Japan (Tokyo, Japan). We used elderly mice before the onset of aging cachexia. Before the experiments, mice were acclimated in cages (5 mice/cage) in a temperature-and humidity-controlled room under a 12-h light/dark cycle (lights on at 07:00 h) with free access to food and water. This study was approved by and conducted according to the guidelines of the experimental animal ethics committees of Tsumura & Co. (Ibaraki, Japan; 2.2. Effects of exposure to novelty stress on plasma corticosterone levels, plasma ghrelin levels, and food intake in young and aged mice
The novelty-induced hypophagia test can evaluate the degree of anxiety or depression based on the suppression of food intake after exposure to a novel environment (Dulawa and Hen, 2005) . Tests were conducted as previously described (Nahata et al., 2013) . Mice were housed in groups (5 mice/cage; cage size = W230 × D310 × H155 mm) for 7 days before the experiment; cages were not changed until the experiment was completed. To induce novelty stress, some of the group-housed mice (5 mice/cage) were transferred to separate cages (1 mouse/cage; cage size = W136 × D208 × H115 mm) after 18 h of fasting. The remaining group-housed mice served as controls. After decapitation without anesthesia, blood was collected from the different animal groups at 3 and/or 6 h after exposure to novelty stress (n = 7-8). Plasma corticosterone and ghrelin levels were determined using the corticosterone EIA kit (Enzo Life Sciences, Plymouth Meeting, PA, USA) and the Active-Ghrelin ELISA kit (Mitsubishi Chemical Medicine, Tokyo, Japan), respectively. Samples were collected between 13:00 h and 15:00 h to avoid diurnal variations.
Food intake was evaluated at 1, 6, and 24 h after exposure to novelty stress (n = 8-10). To evaluate food intake per mouse, mice housed individually for 7 days before the experiment served as the control group. We confirmed that there was no difference in the mean food intake between these individually housed and group-housed mice, calculated by dividing food intake for each cage by the number of mice (Nahata et al., 2013) . We also confirmed that plasma corticosterone levels in individually housed mice were similar to those in group-housed mice (data not shown), as previously reported (Arndt et al., 2009 ).
Total RNA extraction and reverse transcription polymerase chain reaction
The hypothalamus was rapidly removed from each fasting mouse (n = 8) and immediately frozen in a tube maintained on dry ice. Isolated tissue homogenization and total RNA extraction were performed using the RNeasy Universal Tissue kit (Qiagen, Valencia, CA, USA). Diluted total RNA (100 ng/L) was incubated at 70
• C for 5 min and then cooled on ice. Total RNA (1000 ng) was reverse transcribed using the TaqMan Reverse Transcription Reagents kit (Applied Biosystems, Foster City, CA, USA). Furthermore, quantitative PCR assays were performed using the TaqMan Gene Expression Master Mix (Applied Biosystems) and TaqMan gene-specific primer/probes (Rps29, Mm02342448 gH; Cyp19a1, Mm00484049 m1; Esr1, Mm00433149 m1; and Esr2, Mm00599821 m1; Applied Biosystems) on a Prism 7900HT Sequence Detection System (Applied Biosystems). mRNA expression versus a housekeeping gene (ribosomal protein S29) was calculated using the Ct method.
Effects of test drugs on food intake and plasma ghrelin
Young and aged mice were administered subcutaneous (SC) injections of the 5-HT 2C R agonist CP-809101 (Sigma-Aldrich, St. Louis, MO, USA) at doses of 0.1, 1.0, and 3.0 mg/kg, and the cumulative food intake was measured at 1 and 3 h after drug administration. To investigate the effects of 5-HT 2C R antagonists on food intake in aged mice, the selective 5-HT 2C R antagonists SB242084 [6 mg/kg, (Hayashi et al., 2005; Kennett et al., 1997) ] and rikkunshito [RKT; Tsumura & Co., Tokyo, Japan; 1000 mg/kg, (Takeda et al., 2008) ] were suspended in distilled water and orally administered by gavage (10 mL/kg) to the 18 h-fasted mice immediately after they were exposed to novelty stress (n = 5-8). Moreover, the cumulative food intake was determined 6 and 24 h after exposure to novelty stress. We have previously confirmed that oral administration of SB242084 (6 mg/kg) and RKT (1000 mg/kg) to young or aged mice does not affect food intake (Nahata et al., 2013) .
Acylated ghrelin was then intraperitoneally administered to the mice immediately after exposure to novelty stress, and food intake was then determined at 1, 3, and 6 h after stress loading.
We investigated the effect of the aromatase inhibitor letrozole [Tocris Bioscience, Ellisville, MO, USA; 2.5 mg/kg, PO ] and the ER␤ agonist 2,3-bis(4-hydroxyphenyl)-propionitrile [DPN; Sigma-Aldrich; 8 mg/kg, SC (Shin et al., 2013) ] on the decrease in 6-h cumulative food intake in aged mice exposed to novelty stress, following the procedure described above. Next, the ER␣ agonist 1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole [(PPT; Sigma-Aldrich; 0.63 and/or 1.25 mg/kg, SC (Santollo et al., 2007) ] was administered to young and aged mice. SB242084 (6 mg/kg, PO) was also immediately administered after PPT (1.25 mg/kg) treatment, and the cumulative food intake in young and aged mice was determined at 6 h.
To clarify the role of 5-HT 2C R on plasma ghrelin levels, oral administration of SB242084 (6 mg/kg) or RKT (1000 mg/kg) to 18-h fasted aged male mice was performed immediately after exposure to novelty stress, and blood was collected at 3 h after this exposure to determine the plasma ghrelin levels as described above.
Immunohistochemistry
Brains were removed from mice after exposure to novelty stress for 6 h in an ad libitum condition, and immunohistochemical analysis was performed. In brief, after transcardial perfusion with a tissue fixative (Genostaff, Tokyo, Japan), the brains were removed and embedded in paraffin blocks. The cross sections (6 m) of brains were exposed to 5-HT 2C R and c-Fos. For the first staining step, tissue sections were treated with 0.3% H 2 O 2 in methanol for 30 min, followed by incubation with Protein Block (Genostaff) and the avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA, USA). The sections were incubated with anti-5HT 2C R rabbit polyclonal antibody (Novus Biologicals, Littleton, CO, USA) at 4
• C overnight. They were then incubated with biotin-conjugated goat anti-rabbit Ig (Dako, Tokyo, Japan), followed by the addition of alkaline phosphatase-conjugated streptavidin (Nichirei Biosciences, Tokyo, Japan). Signals from the sections were detected using NBT/BCIP solution (Sigma-Aldrich). For the second staining step, antibody dissociation was performed by heat treatment with citrate buffer. The sections were incubated with Protein Block and the avidin/biotin blocking kit and then with anti-cFos rabbit polyclonal antibody (Santa Cruz Biotechnology, Dallas, TX, USA) at 4
• C overnight. Furthermore, the sections were incubated with biotin-conjugated goat anti-rabbit Ig (Dako), followed by the addition of peroxidaseconjugated streptavidin. Their signals were detected using 3,3 -diaminobenzidine (Sigma-Aldrich). We used anti-rabbit Ig ( 
Statistical analyses
Two-way factorial analysis of variance (ANOVA) followed by the Tukey-Kramer post hoc test was used for the comparison between young and aged mice. Data from the experiments on aged mice were analyzed using Student's t-test and oneway analysis of variance, followed by Dunnett's test or Steel's test. Data are presented as mean ± standard error for each group, and p < 0.05 was considered statistically significant.
Results
Effects of novelty stress exposure on corticosterone secretion and food intake
Plasma corticosterone levels were remarkably increased in aged male mice 6 h after exposure to novelty stress (Fig. 1A) . Two-way factorial ANOVA revealed significant effects of stress [F(1,28) = 37.90, p < 0.001], age [F(1,28) = 20.39, p < 0.001], and stress × age interaction [F(1,28) = 26.40, p < 0.001] in male mice. Corticosterone secretion remain unchanged in aged female mice exposed to novelty stress, although the basal corticosterone levels in aged female mice tended to be higher than those in young female mice (Fig. 1B) . Further, two-way factorial ANOVA revealed a significant effect of age [F(1,27) = 20.70, p < 0.001], although the effects of stress [F(1,27) = 1.85, n.s.], and stress × age interaction [F(1,27) = 0.07, n.s.] were not significant in female mice.
Food intake at 1 h after exposure to novelty stress only slightly decreased in the young novelty stress-exposed male and female mice compared with young control mice ( Fig. 1C  and D) . In contrast, food intake in the aged male mice exposed to novelty stress remarkably decreased compared with that in aged control male mice (Fig. 1C) 
Effects of CP-809101 on cumulative food intake in young and aged mice
SC administration of CP-809101 at a dose of 3.0 mg/kg to young male ( Fig. 2A ) and female mice (Fig. 2B ) significantly inhibited the cumulative food intake 1 h after treatment.
In young female mice, CP-809101 (1.0 and 3.0 mg/kg) also inhibited the 3-h cumulative food intake. Treatment of aged male mice with CP-809101 (1.0 and 3.0 mg/kg) suppressed 3-h food intake (Fig. 2C) . Furthermore, the 1-h food intake in aged male mice was also inhibited by administration of CP-809101 at a dose of 0.1 mg/kg. In contrast, compared with aged control female mice, food intake in aged female mice only tended to decrease with CP-809101 treatment (Fig. 2D). 3.3. Effects of 5-HT 2C R antagonists on the decrease in cumulative food intake in aged mice exposed to novelty stress Compared with distilled water-treated aged male mice exposed to stress throughout the experimental period, the cumulative food intake in mice treated with SB242084 (6 mg/kg) or RKT (1000 mg/kg) was significantly increased (Fig. 2E) . In contrast, the cumulative food intake in aged female mice was unaltered on administration of either of the two antagonists (Fig. 2F) .
Changes in the number of 5-HT 2C R + and c-Fos + cells in the PVN and amygdala of mice exposed to novelty stress
Compared with aged control male mice, increased total numbers of 5-HT 2C R-positive cells in the PVN and 5-HT 2C Ror c-Fos-positive cells in the amygdala were observed in aged male mice exposed to novelty stress ( Fig. 3A and B) . The numbers of those cells in either the PVN or amygdala in young male mice exposed to novelty stress remained unchanged. Two-way factorial ANOVA of the number of 5-HT 2C R-positive cells in both the PVN and amygdala revealed significant effects of stress [PVN: F(1,9) = 10.55, p < 0.05; amygdala: F(1,9) = 5.56, p < 0.05] and stress × age interaction [PVN: F(1,9) = 5.53, p < 0.05; amygdala: F(1,9) = 5.76, p < 0.05], although the effect of age [PVN: F(1,9) = 4.06, n.s.; amygdala: F(1,9) = 1.19, n.s.] was not significant. In addition, two-way factorial ANOVA of the number of c-Fos-positive cells revealed significant effects of stress [F(1,9) = 12.60; p < 0.01], age [F(1,9) = 13.36; p < 0.01], and stress × age interaction [F(1,9) = 7.22; p < 0.05] in the amygdala, although the effects of stress [F(1,9) = 2.14; n.s.], age [F(1,9) = 0.28; n.s.] and stress × age interaction [F(1,9) = 5.09; n.s.] were not significant in the PVN. However, in female mice, the number of these cells did not change after stress exposure. Two-way factorial ANOVA of the number of 5-HT 2C R-positive cells revealed a significant effect of age [F(1,9) = 7.02, p < 0.05], no significant effect of stress [F(1,9) = 0.09, n.s.] or stress × age interaction [F(1,9) = 0.67, n.s.] in the PVN, and no significant effect of stress [F(1,9) = 0.36, n. aged control male mice, the number of 5-HT 2C R-and c-Fos co-positive cells increased in the amygdala of aged male mice exposed to novelty stress (Figs. 3B and 4C ). In young male mice, exposure to novelty stress did not cause an increase in the number of cells in the amygdala (Figs. 3B and  4C ). Two-way factorial ANOVA of the number of co-positive cells in the amygdala revealed significant effects of stress [F(1,9) = 17.68, p < 0.01], age [F(1,9) = 25.17, p < 0.001] and stress × age interaction [F(1,9) = 12.49, p < 0.01] in male mice. Moreover, compared with aged control female mice, the number of 5-HT 2C R-and c-Fos co-positive cells in the amygdala of aged female mice exposed to novelty stress increased (Figs. 3B and 4C ). Two-way factorial ANOVA of the number of co-positive cells in the amygdala revealed significant effects of stress [F(1,9) = 11.27, p < 0.01], age [F(1,9) = 5.55, p < 0.05], and stress × age interaction [F(1,9) = 9.25, p < 0.05] in female mice. The number of 5-HT 2C R + and c-Fos − cells or c-Fos + and 5-HT 2C R − cells did not change among all groups. There was only a trace of stain for these cells in the ARC (data not shown). 
Effects of aging and novelty stress exposure on plasma ghrelin levels, and effects of exogenous acylated ghrelin on the decrease in food intake
Although plasma acylated ghrelin levels in aged male mice exposed to novelty stress were significantly lower at 3 h and 6 h after exposure than in aged control mice, levels did not change in aged female mice ( Fig. 5A and B) . The decreased cumulative food intake in aged male mice at 1-3 h after exposure to novelty stress was completely inhibited on IP administration of 10 nmol/kg exogenous acylated ghrelin (Fig. 5C ). Two-way factorial ANOVA revealed no significant effect of stress [F(1,14) = 3.51, n. .05] at 6 h. The decrease in plasma acylated ghrelin levels in aged male mice exposed to novelty stress was blocked by administering the 5-HT 2C R antagonists SB242084 and RKT (Fig. 5D) . The plasma acylated ghrelin levels in aged female mice exposed to novelty stress were unaffected by the administration of SB242084 (data not shown).
Changes in hypothalamic ER␣, ER␤, and aromatase mRNA expression levels in young and aged mice
To clarify gender differences in food intake in aged mice exposed to novelty stress, we focused on hypothalamic ER␣, ER␤, and aromatase mRNA expression levels. Compared with young male mice, hypothalamic ER␣ and aromatase mRNA expression levels significantly increased in aged male mice, whereas ER␤ mRNA expression levels remained unaltered in aged mice. In contrast, in comparison with young female mice, ER␣ and aromatase mRNA expression levels in aged female mice tended to decrease, but ER␤ mRNA expression levels were not altered (Table 1) .
Effects of aromatase inhibitor and ER␤ agonist on the decrease in cumulative food intake in aged mice exposed to novelty stress
Next, we examined the role of aromatase and ER␤ on the decreased food intake in aged male mice exposed to Plasma acylated ghrelin levels at 3 and 6 h after stress exposure in aged male and female mice. (C) Effects of exogenous acylated ghrelin (10 nmol/kg, IP) on cumulative food intake in aged male mice. (D) Effects of 5-HT 2C R antagonists [SB242084; 6 mg/kg, PO, rikkunshito (RKT); 1000 mg/kg, PO] on plasma acylated ghrelin levels in aged male mice at 3 h after stress exposure. (E) Effects of an aromatase inhibitor (letrozole; 2.5 mg/kg, PO) and estrogen receptor (ER) ␤ (DPN; 8 mg/kg, SC) on the decrease in the 6-h cumulative food intake in aged male mice exposed to novelty stress. (F and G) Cumulative food intake in young and aged male and female mice after the administration of ER␣ agonist (PPT; 0.63, 1.25 mg/kg, SC). (H and I) Effects of SB242084 (6 mg/kg, PO) on decrease in food intake at 6 h after the administration of PPT (1.25 mg/kg, SC) in aged male and female mice. Data are presented as mean ± SEM (n = 4-8). #, ##, ### p < 0.05, 0.01, 0.001 vs. control group. *, **, *** p < 0.05, 0.01, 0.001 vs. stress group, CP-809101-treated group, or PPT-treated group. DW; distilled water. novelty stress. As observed in Fig. 5E , oral administration of letrozole to aged male mice significantly inhibited novelty stress-induced decrease in food intake by 81% at 6 h after the exposure. In contrast, in aged female mice, letrozole administration did not significantly increase food intake after novelty stress exposure compared with control mice. SC administration of the selective ER␤ agonist DPN had no effects on novelty stress-induced hypophagia in aged male or female mice.
Effects of ER␣ agonist alone and co-administered with 5-HT 2C R antagonist on cumulative food intake in aged mice
Administration of selective ER␣ agonist PPT at 1.25 mg/kg did not decrease food intake in young male and female mice compared with that in control mice ( Fig. 5F and G) . Furthermore, in aged male mice, treatment with the same or much lower doses of PPT (0.63 and 1.25 mg/kg) suppressed food intake by 28-76% at 6 h and 24 h after administration. Two-way factorial ANOVA revealed significant effects of treatment [F(2,19) In young mice, SB242084 treatment did not suppress the decrease in food intake induced by PPT administration (Fig. 5H and I) . Administration of SB242084 prevented the decrease in the 6-h cumulative food intake in PPT-treated aged male mice (Fig. 5H) . Two-way factorial ANOVA revealed significant effects of treatment [F(2,34) = 22.10, p < 0.001] and treatment × age interaction [F(2,34) = 7.05, p < 0.01] and no significant effect of age [F(1,34) = 0.20, n.s.] in male mice. However, SB242084 did not affect food intake in aged female mice (Fig. 5I) . Two-way factorial ANOVA revealed a significant effect of treatment [F(2,34) = 9.59, p < 0.001] and no significant effect of age [F(1,34) = 2.05, n.s.] or treatment × age interaction [F(2,34) = 1.90, n.s.] in female mice.
Discussion
Compared with young mice, in aged male mice, exposure to novelty stress caused a sustained increase in stress hormone levels and a decrease in food intake that persisted until 24 h after the exposure. Conversely, in aged female mice, although there was a significant decrease in food intake 1 h after the stress exposure, it rapidly returned to a level similar to that of the control group. These results indicate that either aged female mice are more resistant to stress than aged male mice or that aged male mice are more vulnerable to stress. In the present study, aged male mice exhibited markedly higher blood levels of the stress marker corticosterone than control mice even 6 h after stress loading. In contrast, the basal corticosterone levels of control female mice were higher than those of control male mice, and their corticosterone levels were not affected by stress loading. This result is consistent with the findings of previous reports that demonstrated higher corticosterone levels in females than in males (Goel and Bale, 2010; Trainor et al., 2011) . In addition, this result reproduced the findings of our previous study, which reported a more persistent stress response in aged male mice compared with the response in young mice (Nahata et al., 2013) . However, the basal blood corticosterone levels of young control female mice in our study may be higher than the levels reported in other recent studies. Corticosterone levels may vary depending on the circadian rhythm, fasting state, and measurement method. The effects of these factors cannot be ruled out in the present study or previous studies (Trainor et al., 2013; Van Ginhoven et al., 2010) . In addition, the mice used as the control group in the present study were individually housed for 1 week for acclimatization, and they were fasted for 18 h; these factors may have served as additional stressors that contributed to the differences in corticosterone levels between the studies.
Previous studies have shown that 5-HT 2C R activation leads to anxious behavior and suppression of food intake (Gatch, 2003; Halford et al., 2007) . Our current study revealed that responsiveness to a selective 5-HT 2C R agonist in young mice, as indicated by decreased food intake, tended to be more pronounced in females than in males. This finding is in good agreement with a previous observation by Iwasaki-Sekino et al. (2009) . It is likely that 5-HT 2C R responsiveness is high in young female rodents. In contrast, administration in aged male mice led to a marked decrease in food intake at the lowest dose of 0.1 mg/kg. However, in aged female mice, there was no decrease in food intake. These results suggest that aging leads to functional upregulation of 5-HT 2C R in male but not in female mice. Furthermore, SB242084 and RKT clearly inhibited the decrease in food intake, although these drugs had no effect on food intake when administered to aged female mice. Based on these results, we hypothesize that in aged male mice, exposure to novelty stress enhances the binding of 5-HT to 5-HT 2C R, thereby markedly decreasing food intake. We believe that the function of 5-HT 2C R can decrease with age in female mice, leading to no 5-HT 2C R-dependent inhibition of food intake.
Intracerebral 5-HT is released from the terminals of neurons that project from the raphe nucleus to the stressrelated areas of the brain. Several lines of evidence show that aging leads to a decrease in the basal levels or biosynthesis of 5-HT in the hypothalamus (De la Fuente et al., 2003) or the amygdala (Miura et al., 2002) . However, biosynthesis of intracerebral 5-HT was enhanced in rats exposed to social isolation, resulting in increased 5-HT concentrations (Miura et al., 2002) . This finding suggests that exposure to stress in aged male mice can lead to excessive release of 5-HT.
To confirm the upregulation of 5-HT 2C R signaling in aged male mice during exposure to novelty stress, we performed immunohistochemical analysis for 5-HT 2C R and c-Fos protein in the PVN, amygdala, and ARC. A change in cFos expression in stress-related cerebral regions is widely used as a stress indicator as well as plasma corticosterone levels (Zangenehpour and Chaudhuri, 2002) . In the present study, the number of c-Fos-positive cells at 6 h after stress loading in young mice was similar to that in young control mice. Although acute c-Fos expression following stress exposure was not confirmed in this study, c-Fos expression was previously reported to shortly increase after novelty stress exposure (Handa et al., 1993) . Furthermore, increased plasma corticosterone levels were found only 30 min after stress loading in young mice (Saegusa et al., 2011) . In the present study, plasma corticosterone levels at 6 h after stress loading in young mice were also the same as those in young control mice. That is, at the time point of 6 h after stress loading, c-Fos expression in young mice may have already recovered to the same level as in the control group. The co-positive cell counts for 5-HT 2C R and c-Fos in the PVN and amygdala did not increase with age in male mice. This is consistent with the findings that show that aging itself does not stimulate activation of 5-HT neurons but that 5-HT remains at normal or lower than normal levels (De la Fuente et al., 2003) . Incidentally, co-positive cell counts for 5-HT 2C R and c-Fos protein in the PVN and amygdala markedly increased in aged male mice after exposure to novelty stress, although there was no significant change in positive cell counts for 5-HT 2C R or c-Fos alone in the same brain area. Exposing aged male mice to novelty stress increases the expression of 5-HT 2C R mRNA in the PVN (Nahata et al., 2013) , suggesting that in aged male mice, exposure to novelty stress promotes 5-HT 2C R protein synthesis in stress-specific neurons, activating neurons that express 5-HT 2C R. In contrast, there was no change in 5-HT 2C R and c-Fos co-positive cell counts in the PVN of aged female mice exposed to stress, paralleling the results for food intake and corticosterone release. The 5-HT 2C R and c-Fos co-positive cell count in the amygdala of aged female mice exposed to novelty stress was significantly higher than that of aged control mice, as was the case for aged male mice. These results suggest that aged female mice also exhibit sustained negative emotional responses besides decreased feeding behavior. In addition, the fact that we found only trace expression of 5-HT 2C R and c-Fos in the ARC at 6 h after the stress exposure (data not shown) suggests that continuous activation of 5-HT 2C R in the ARC is unlikely.
Ghrelin is the only peripheral orexigenic hormone that plays a central role in physiological feeding behavior (Kojima et al., 1999) . However, whether ghrelin levels fluctuate in aged or female mice has not been investigated. We found that plasma levels of acylated ghrelin in aged male mice exposed to novelty stress significantly decreased, but there was no change in the levels in aged female mice. When decreased peripheral acylated ghrelin was supplemented with exogenous ghrelin in aged male mice, the decreased food intake returned to normal levels, indicating that stressinduced ghrelin insufficiency may contribute to the decrease in food intake. Of particular interest, the decrease in plasma acylated ghrelin levels observed in aged male mice was completely reversed by administration of the 5-HT 2C R antagonists. These results indicate that the enhanced 5-HT 2C R signal may decrease food intake by inhibiting the secretion of acylated ghrelin.
In this study, we used 6-week-and 79-week-old mice. The estrous cycle of C57BL/6 mice was reported to be 4 days in young mature mice and just less than once a month in aged mice. The estrous cycle of 6-week-old mice used in this study may be constant or partly in an irregular phase prior to the stabilization (Nelson et al., 1982) . Sex-dependent differences in peripheral estradiol levels were not observed in young or aged mice, although we did not measure the estrous cycle of each animal and the values might be only for reference (Supplemental materials). We were unable to obtain direct evidence that could conclusively attribute the abnormal stress response observed in aged mice to aging itself or to an indirect effect through peripheral sex hormone imbalance caused by aging. Therefore, further adequate attention to the effect of estrous cyclicity may be required for the study of feeding behavior in female mice in the future.
Many previous studies have demonstrated that estradiol inhibits food intake via ER␣s and inhibits HPA axis activity and anxiety via ER␤s (Asarian and Geary, 2013; Handa et al., 2012) . Moreover, these effects are proportional to brain estrogen levels and not to blood estrogen levels . Estrogen produced from androgen by aromatase in the brain of male mice plays an important role in stress reactions and the control of food intake . In the present study, the expression of aromatase and ER␣ mRNA significantly increased in aged male mice compared with young mice. However, no significant variations in ER␤ mRNA expression were observed. In aged female mice, expression of aromatase and ER␣ mRNA did not increase. Based on these results, we assumed that decreased food intake and HPA axis activation in aged male mice were caused by exposure to novelty stress through an increased level of ER␣ expression and excessive production of estrogen as a result of increased aromatase in the brain. From the abovementioned results, we first evaluated the effect of letrozole to clarify the involvement of aromatase in decreased food intake due to stress. Furthermore, to eliminate the involvement of ER␤, we examined the effect of DPN administration on food intake. Although estrogen levels in the brain or the periphery after administration of an aromatase inhibitor were not measured in the present study, our hypothesis was strongly supported by the fact that decreased food intake in aged male mice exposed to novelty stress was resolved with the aromatase inhibitor letrozole and that this effect was not observed in female mice. In addition, the administration of the ER␤ agonist DPN did not affect food intake in male mice.
To determine the effect of ER␣ on food intake in stressloaded aged animals, we administered the ER␣ agonist PPT to mice. Enhanced functional activity of ER␣, indicated by decreased food intake, was demonstrated in aged mice, particularly in aged male mice compared with that in young mice. Estradiol has been reported to enhance 5-HT 2C R protein synthesis in the dorsal raphe region (Henderson and Bethea, 2008) , caudal brainstem (Rivera et al., 2012) , and hypothalamus . The anorexigenic effect of low doses of PPT observed in aged male mice in the present study significantly decreased by the 5-HT 2C R antagonist, suggesting that the increased ER␣ signals observed in novelty stress-loaded aged male mice decreased food intake through an increase in 5-HT 2C Rs. In addition, considering previous studies stating that estrogen increases 5-HT 2C Rs in the brain, the increase in the PVN of aged male mice seems to have occurred as a result of excessive ER␣ activation due to increased estrogen and ER␣s in the brain.
In conclusion, we believe that ER␣ activation that occurred in aged male mice exposed to novelty stress caused 5-HT 2C R hypersensitivity, leading to HPA axis activation and decreased food intake.
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